V e have studied the effect of ATP on Ca2+ uptake in intestinal I tish border membrane vesicles (BBMVs) of the teleost tilapia ( > reochromis mossambicus). ATP stimulated Ca2+ uptake 12i d over the control, with a linear time course. Ionomycin and cl [ergent treatment did not reduce BBMVs ' Ca2+ content, indit ing the binding of Ca2+ to a membrane component. A rank O : Jer of ATP > ADP > AMP was established for the stimu-I ion of Ca2+ uptake. Adenosine, vanadate, adenosine 5'-[a,/yn thylenejtriphosphate (a P2X purinoceptor agonist) and a enosine 5'-[y-thio]triphosphate (a P-type ATPase inhibitor) were without effect. 2-Methylthioadenosine 5'-triphosphate, a P2V purinoceptor agonist, mimicked the stimulation by ATP. As judged from a kinetic comparison, ATP hydrolysis and the stimulation by ATP of Ca2+ uptake were not compatible. The P2 purinoceptor antagonist suramin and the P2V purinoceptor antagonist Reactive Blue-2 inhibited the Ca2f uptake stimulated by 1 mM ATP (1C50 0.17 mM and 58//M respectively). We conclude that ATP-stimulated Ca2+ uptake in tilapia intestine is dissociated from ATPase activity and is mediated through a P2 purinoceptor.
INTRODUCTION
h tracellular ATP-stimulated Ca2+ influx has been demonstrated ir many different cell types, including ovarian tumour cells, si ooth-muscle cells, cells from HL-60, HeLa and N G 108-15 li es, J774 mouse macrophages, rat thyroid cells and atrial n ocytes [1] [2] [3] [4] [5] [6] [7] [8] . The literature on ATP-stimulated Ca2+ uptake in ii estinal cells is scarce; stimulatory effects of ATP in isolated en erocytes from human colon and from rat and chicken intestine h ve been reported [9] [10] [11] . A P2 purinoceptor [10] , an ATP-iK lvated, protein kinase-regulated ion channel [11] and a Ca2+ u ake system sensitive to prenylamine (an antagonist for c. modulin) [9] have been advanced to explain the stimulation by A P of Ca2+ uptake in these cells. Unfortunately, observations oi isolated cells do not allow discrimination between the apical ai 1 basolateral membrane domains as the site where ATP interacts with the Ca-+ transport system. Proceeding from the st ; mlatory effect of extracellular ATP on Ca2+ uptake in isolated ei erocytes [9] [10] [11] , and from the observation that millimolar ci icentrations of a nucleoside triphosphate occur in tilapia in estinal mucosal fluid, we here focus on the hypothesis that A P regulates Ca2+ entry across the apical membrane of the ei erocyte. Purified brush border membrane vesicles (BBMVs) Were used as a tool. We provide evidence for an ATPasein ependent, ATP-stimulated Ca2+ uptake in intestinal BBMVs and conclude from pharmacological studies that a subtype of a P purinoceptor is present in the apical membrane of the emerocyte and is involved in Ca2+ uptake. Suramin was a gift from Bayer AG (Leverkusen, Germany). Solutions of suramin were made in ultrapure water and were prepared freshly before experimentation. All chemicals were of analytical grade and obtained from commercial suppliers. Mem brane protein was determined with a Coomassie Brilliant Blue kit (Bio-Rad, Miinchen, Germany), with BSA as a reference.
Isolation of intestinal brush border membranes
Fish were killed by spinal transection, and intestinal brush border membranes were isolated by using a magnesium ag gregation technique and differential centrifugation as described in detail previously [12] . Brush border membranes were collected in 150 mM KC1/0.8 mM MgCl.,/20 mM Hepes/Tris (pH 7.4). The final membrane preparation was enriched 17-fold in alkaline phosphatase (EC 3.1.3.1). We previously determined that almost 100°o of the vesicles are oriented right-side-out [12] . 
Ca2+ transport assays
Zero trans Ca2+ uptake
The assay medium was identical with the buffer in which the membranes were suspended and contained calculated free concen trations of 5 mM C a2+ and 0.8 mM M g2\ and graded amounts of total nucleotide. The C a2+ concentration used in our assays was in the range of the ambient intestinal luminal concentration, which we measured to range from 2 to 27 mM. C a2+ uptake in the presence of a fixed nucleotide concentration was measured at 1 mM nucleotide. This concentration represents Fmax conditions with respect to ATP, as measured by ATP hydrolysis in a 5 min assay. The 45CaCl._, radioactive concentration was 2.5 M Bq/ml. Assays were performed at 37 °C; membranes and assay media were prewarmed before incubation. The incubation temperature chosen was the optimum for another important C a2+ transporting protein in fish, namely the high-affinity C a2+-ATPase [13] . We calculate that in the presence of 1 mM total ATP, 96 % of the ATP is complexed with Ca (0.72 mM C aA T P2-) or Mg (0.24 mM M gA TP2-), leaving a free A T P4-concentration of 3 5 //M. Incubation was initiated by mixing 10//1 of a preparation of BBMVs with 70 //I of the assay medium. Zero trans C a2+ uptake was measured as the difference between uptake for 5 min at 37 °C and at 0 °C. SK&F 96365 was tested at a concentration of 15//M, which is in the range of the IC50 values reported for different preparations [7, 14, 15] . Suramin is generally employed at concentrations equal to or higher than the agonist con centration [2, 16, 17] . We added suramin at 0.1 and 1.0 mM to the assay medium. Reactive Blue-2 was added at concentrations ranging from 30 to 500 //M. All antagonists were tested with 1 mM ATP present in the incubation medium. The reaction was quenched by the addition of 1 ml of ice-cold isotonic stop buffer containing 150 mM KC1, 20 mM Trizma-7.0® (pH 7.4 at 0 °C) and 10 mM LaCl;r The quenched sample was immediately filtered over an 80 kPa vacuum, usine ME25 nitrocellulose filters with a pore size of 0.45 //m (Schleicher & Schuell, Dassel. Germany). Filters were rinsed three times with 2 ml of the ice-cold stop buffer and dissolved in 4 ml Scintillator 299* scintillation cock tail. The radioactivity retained on the filters was measured in a Wallac 1410 (Pharmacia, Turku, Finland) liquid-scintillation counter. Uptake values are expressed as nmol of C a2+ per 5 min per mg of protein.
Isotope equilibrium exchange
In isotope equilibrium exchange experiments 45C a2+ movements were measured in the absence of an electrochemical driving force for C a2+. Membrane vesicles were effectively loaded with C a2+ as described earlier [12] . Incubations were performed in the same assay buffer and at the same temperature as was used in zero trans experiments. I ntra vesicular {trans) and extra vesicular (cis) free C a2+ concentrations were 5 mM. Quenching and filtering were done as described for the zero trans experiments. Blank values were determined in quadruplicate. The tracer content of the BBMVs was divided by the specific activity of the assay medium to obtain the amount of C a2+ exchanged across the membrane.
Enzyme assays
Adenine nucleotidase activity was measured by incubating 10 //I of membrane suspension (protein concentration 0.3-0.7 mg/ml) for 5 min at 37 °C in 500 //I of medium including 150 mM KC1, a calculated 5 mM free C a2+ (added as CaCL), 0.8 mM free M g2+ (added as MgCl.,), 20 mM Hepes/Tris (pH 7.4) and graded amounts of ATP or ADP. Ouabain, theophylline and oligomycin-B were added at concentrations of 1 mg/ml, 2 mM and 5 //g/ml respectively. The reaction was quenched by the addition of 1 ml ice-cold 8.6 °0 (w/v) trichloroacetic acid to the mixture. Liberated P, was colorimetrically measured at a wavelength of 700 nm with the iron molybdate reagent described by Fiske and SubbaRow [18] . An inorganic phosphate solution (Sigma Chemical Co.) served as a P, standard.
ATP detection in intestinal luminal contents
An ATP diagnostic kit (Sigma Chemical Co.) was used. Luminal contents were sampled immediately after the fish was killed. To 1 vol. of a sample (approx. 1 0 //1) was added 1 vol. of 8 .6° trichloroacetic acid. Samples were mixed and left on ice fo 5 min, and then centrifuged at 4500# for 10 min in a Microfug Centaur centrifuge to obtain a clear supernatant on which the assay was performed. The assay is based on the phosphorylatio of 3-phosphoglycerate by ATP and the subsequent conversion c 1,3-diphosphoglycerate to glyceraldehyde 3-phosphate, durin which reaction N A D H is oxidized to N A D \ The decrease i N A D H content of the reaction mixture is then a measure of tli initial ATP content of the sample. A solution containing 1 mM ATP was run in parallel with the intestinal samples and served us a standard. According to the manufacturer's information, the ATP-diagnostic kit is equally sensitive to the nucleoside tri phosphates GTP. ITP and UTP. We therefore refer to the resul s of this assay as nucleoside triphosphate levels. A method in which a firefly luciferase-luciferin reagent was employed prove 1 unsuitable for the detection of ATP in luminal samples: becau e of the turbidity of the samples, luminescence could not be detected even after the addition of an internal ATP standard
Calculations and statistics
To calculate free and complexed Ca. Mg and ATP concentrations in our assay media we used the computer program Chelator [1 ) . Stability constants were from Sillen and Martell [20] . Data poii s from inhibition studies were fitted to the equation:
where v0 is the uptake rate in the absence of the inhibitor, [II is the inhibitor concentration and K i is the value of [I] at which inhibition is half-maximal under the specific incubation cc iditions. Data were analysed with a nonlinear regression d; a analysis program [21] . Results are presented as means + S.E.M. unless stated otherwise. Student's t test for unpaired data and Welch's approximate, and Kruskal-Wallis' non-parameti ;o, analysis of variance followed by Dunn's multiple comparis< n test were used for statistical evaluation as appropriate. Signi icance was accepted at P < 0.05. Asterisks indicate a signific nt difference with respect to the control (*P < 0.05, **/><0.01. ***ƒ> < 0.001).
RESULTS
The average nucleoside triphosphate concentration in the lumi al fluid of tilapia was 0.9 ±0.3 mM {n = 9). tr t content in BBMVs. Here, Triton X-100 treatment, in di ipting the vesicular osmotic space, caused the tracer content to ill just below zero. gure 2 shows that the ATP-stimulated C a2+ uptake is linearly co .Tated with the protein concentration in the preparation of B1 I Vs (/• = 0.69, P = 0.0003), indicating a relation between the sti ulated C a2+ uptake and a component of the membrane vesicle preparation.
our experimental set-up the ATP-stimulated C a2+ uptake is nu ¡Hired as a temperature-sensitive uptake. This approach is common in many membrane transport studies and is used to dis aguish non-specific binding of tracer to extravesicular sites •rom transmembrane translocation. C a2+ uptake at 0 °C and in the presence of 1 mM ATP was 31 ± 3 % {n = 23) of the total uptake measured at 37 °C; 7 0°0 of the ATP-stimulated C a2+ uptake is thus temperature-dependent. Compared with control BBMVs, at 0 °C 1 mM ATP increased the C a2+ content in BBMVs by a factor of 1.9±0.2 [n = 21) . At 37 °C this increase was a factor of 11.8 ± 1.7 (// = 23), again showing temperature dependence. We further investigated extravesicular C a2+ binding by using an isotope equilibrium exchange protocol. During the loading procedure, vesicles are not only loaded intravesicularly (as validated in a previous paper [12] ), but it can also be assumed that extravesicular binding sites will be masked by C a2+. Figure  3 shows that 1 mM ATP in the extravesicular medium produces a linear rate of tracer equilibrium exchange, compared with control incubations. From the knowledge that the specific vesicular volume of the BBMVs is 6.0 //1/mg it can be calculated that from a vesicular C a2+ content of 30 nm ol/m g intravesicular loading takes place. These results are best explained by assuming the exposure of intravesicular C a2+-binding sites on incubation with ATP. ATP. A D P and A M P (l m M ) stimulated C a2+ uptake in BBMVs, albeit with a decreasing amplitude (Table l ) . Adenosine was without effect. Vanadate (10//M), an inhibitor of P-type ATPases, and SK&F 96365 (15 //M), an antagonist of receptormediated C a2+ entry [15] , did not inhibit ATP-stimulated C a2+ uptake in BBMVs.
From the results obtained so far it seems that an adenosine phosphoesterase is important in the uptake of C a2+ in BBMVs. Because ATPase activity has been localized to the apical mem brane mammalian intestinal cells [22] [23] [24] [25] [26] [27] , an investigation of the involvement of an ATPase in the uptake of C a2+ was warranted.
In the presence of inhibitors of (N a++ K +)-ATPase and alkaline phosphatase activity, BBMVs showed a nucleotidase activity, hydrolysing ATP and A D P (Figure 4 ). Apparent affinity coefficients (Km) were 88 //M ATP and 230 //M A D P respectively.
Because A M P did not affect transport (Table 1) we did not assay A M P hydrolysis by BBMVs. When BBMVs were incubated at pH 10.2 and with a zinc supplementation, i.e. under optimal conditions for alkaline phosphatase, the potency rank order was reversed: A M P A D P ATP (results not shown). Because all of the BBMVs preparation is oriented right-side-out [12] , the nucleo tidase activity must be an ecto-enzymic activity in the enterocyte These results could indicate that hydrolysis of a phosphate ester is necessary to cause the stimulatory efTect of ATP. We therefore examined the kinetics of ATP hydrolysis and the ATP con centration dependence of C a2+ uptake in BBMVs. Both experi ments were performed under conditions that yielded initia velocities. Figures 5(A) and 5(B) show that the kinetics of these processes, measured in paired preparations, differed significantly ATP hydrolysis was well described by single Michaelis-Menten kinetics (Hill coefficient 1.0). The kinetic parameters ^nax and K were calculated to be 82 //mol of P,/h per mg and 64 //M ATi respectively. In the same substrate range, the ATP-stimulated C a2+ uptake was linear, having a slope of 60 //l/min per mg and an offset representing ATP-independent uptake (as describee previously [12] ). These results show that ATP hydrolysis is no responsible for the ATP-stimulated C a2+ uptake in BBMVs. Th free A TP4-concentration in our assay media can be calculated from the total ATP concentration. The inset in Figure 5 (B) shows that, up to 180//M free A TP4-(which is equivalent to 5 mM total ATP in our assay medium), C a2+ uptake is also a linear function of the A TP4-concentration.
We finally tested the involvement of an ATP receptor. Incu bations of BBMVs with 1 mM suramin, a P2 purinoceptor antagonist, resulted in a significant decrease in the ATPstimulated C a2+ uptake (Table 1) . From Table 1 a of 0.17 mM suramin was calculated. An ATP analogue of which the adenine base is modified (2-MeSATP, a P 2Y agonist) mimicked the stimulatory effect of ATP (Table 1) . Analogues with modi fications in the triphosphate chain (ATP[S] and pp[CH.JpA) were unable to stimulate C a2+ uptake in BBMVs ( Figure 6 ). The P2Y antagonist Reactive Blue-2 dose-dependently inhibited the ATP-stimulated C a2+ uptake ( Figure 6 conclude from this study that a P 2 purinoceptor located in apical membrane of the enterocyte is involved in ATPulated C a2+ transport in tilapia intestinal BBMVs. The tics of ATP-stimulated C a2+ uptake and ATP hydrolysis by ATPase activity proved incongruent. Consequently vve ted an adenosine (ecto)nucleotidase activity as a mediator of \TP-stimulated C a2+ transport. For C a2' uptake in tilapia I Vs we established an agonist rank ordei of ATP = 2-M ATP > A D P > AM P. Adenosine, ATP[S] and pp[CH.JpA ineffective in stimulating C a2+ uptake. C a2+ uptake was a r function of A T P '~ concentration, and this is indicative of subtype purinoceptor. However, it has been reported that ' and A M P are ineffective in stimulating P2/ receptors [28] . c is a consensus [28] [29] [30] on the non-subtype-specific inhibiiction of suramin on P2X and P2Y receptors, the insensitivity v receptors for pp[CH.JpA and the sensitivity of the P2Y si! ype for 2-MeSATP and Reactive Blue-2. Our results there in seem to be congruent with a P2Y purinoceptor's [28-31] n ating C a2+ transport in tilapia intestine. However, the p nacological profile (i.e. inhibition by Reactive Blue-2 and ilation by 2-MeSATP) of a recently cloned P2X purinoceptor [; s similar to that of a cloned P 2V purinoceptor [29] . For this iv >n, and because of possible differences between mammalian a non-mammalian purinoceptors, further experiments are nc *d to obtain a definite subtyping of the P2 purinoceptor. The c iound SK & F 96365, an antagonist for receptor-mediated ( entry (RM CE), failed to block the ATP effect. SK& F 96365 b! s L-type voltage-operated C a2+ channels in smooth-muscle ce and pituitary G H :{ cells [15] and an ATP-stimulated C a2+ eu ut in human neutrophils [7] . However, in a smooth-muscle pr »ration SK& F 96365 failed to inhibit ATP-gated C a2+ eh lels [15] . It has been concluded that SK& F 96365 modulates P < receptor events, i.e. the C a2+ entry step rather than receptor bim ing of the agonist [15] . P and ATP analogues have been reported to act on the sm th musculature of the gastrointestinal tract of several teleost species [33] [34] [35] [36] . Knight and Burnstock [37] were the first to demonstrate the involvement of P, and P2 purinoceptors in the acti mis of purines on the contraction of stomach and intestine in Gusicrosteus aculeatus. Our results show that purinoceptors ln the gastrointestinal tract of teleosts are involved not only in regulating muscular contractions but also in the absorption of Ca2'. A ! P-stimulated C a2+ influx has been demonstrated in a variety °l cell types [1] [2] [3] [4] [5] [6] . However, the literature on ATP-stimulated C a2+ uptake in intestinal cells is scarce. Kimmich and Randles [11] found an increase in cytosolic C a2+ concentration in isolated chicken intestinal epithelial cells when 2 m M ATP was added. Chlorpromazine, a calmodulin antagonist, inhibited ATPstimulated C a2+ uptake in these cells. In cell lines of human colonic epithelial origin, 100//M ATP increased the cytosolic C a2+ concentration 20-fold over the resting level [10] . An extracellular P2 purinoceptor, regulating epithelial cell ion trans port, was suggested on the basis of the potency of different agonists (ATP > A D P Nadenosine). Exogenous ATP in creased C a2+ uptake 2-6-fold in isolated rat intestinal epithelial cells [9] , A maximal effect was observed at 1 mM ATP. Adenosine, 5-A M P , A D P and non-hydrolysable ATP analogues proved ineffective. However, the slowly hydrolysable ATP analogue ATP[S] fully mimicked the ATP-stimulated C a2+ uptake. The calmodulin antagonist prenylamine inhibited the ATP effect, which was also observed by Popper and Batra [3] in a human ovarian cancer cell line. The inhibition by prenylamine is congruent with observations on chlorpromazine inhibition [11] . Richards et al. [9] suggest that hydrolysis of a terminal phosphate of ATP is required for the stimulated C a2+ uptake, but they do not rule out the involvement of a nucleotide-specific receptor. To summarize, experimental results on ATP-stimulated C a2+ uptake in (mammalian) enterocytes indicate the involvement of a calmodulin-sensitive P., purinoceptor. However, the membrane domain in which this putative purinoceptor resides remains unresolved.
A prerequisite for a functional purinergic receptor in the enterocyte's brush border membrane is the presence of the proper ligand, i.e. ATP, in the intestinal lumen. One point that needs to be addressed is the source of the ligand. A possible source for luminal ATP would be sloughed-off epithelial cells. In isolated enterocytes from rat and human, cellular values of ATP were measured to range from 5 to 6 nmol of A T P /m g of protein [38] . If we assume cellular ATP levels in tilapia enterocytes to be in the same range, we calculate that a luminal concentration of 0.9 mM ATP is equivalent to 150-180 mg of protein/ml of luminal fluid. Assuming a cytoplasmic ATP concentration of 5 mM [31] , cellular dimensions of 5 //m x 5 //m x 20 //m, and a cellular volume of 5 x 10-16 litre for an enterocyte, we calculate that a luminal ATP concentration of 0.9 mM is equivalent to 4 x 1011 cells per ml of luminal fluid. We therefore do not think that sloughed-off enterocytes are a plausible source for ATP. Ingested food could be another source for luminal ATP, but the industrially processed fish feed we provide our fish contains no detectable amounts of ATP. Ultrastructural studies on intestinal absorptive cells in tilapia (S. E. Wendelaar Bonga, unpublished work) and other teleost species [39] [40] [41] demonstrate the presence of numerous mitochondria and clear vesicles in the apical cytoplasm of the enterocyte. It is tempting to correlate these structural phenomena with the presence of a secretory pathway for ATP in the intestine. Every cell could potentially serve as a source of extracellular ATP [1, 31] , and nanom olar/m icrom olar pericellular ATP concentrations have been predicted [1] . These predicted ATP levels differ by at least one order of magnitude from the nucleotide concentrations measured in intestinal luminal samples. The regulation of intestinal transmembrane C a2+ trans port by extracellular ATP of enterocytic origin, via a P2 purinoceptor, is an interesting working hypothesis for future research.
